I. INTRODUCTION
FeGe can crystalize into three polymorphs, a hexagonal phase, a monoclinic phase, and the cubic B20 phase 1 of interest here. The B20 family of materials (e.g., FeGe, MnSi, PdGa, AlPd, MnGe) have the interesting property of breaking inversion symmetry along the {111} planes which can lead to magnetic skyrmions 2, 3 , topologically protected spin textures 4 . Skyrmion sizes have been reported down to nanometer scales [5] [6] [7] , which is attractive for high density storage 4, 5, 8 . Though B20 materials host skyrmions in the bulk, there is interest in adding interfacial tuning to further decrease the size and increase critical temperature (TC) above room temperature 9 . The sensitivity of these effects to interface quality and termination motivates the study with atomic resolution imaging techniques including scanning tunneling microscopy (STM) and transmission electron microscopy (TEM), as well as spin sensitive extensions (i.e., spin-polarized STM and Lorentz TEM).
Previous STM studies on B20 MnSi have revealed the characteristic layered structure, and the coexistence of multiple surface terminations corresponding to sparse 10 and dense 11, 12 atomic layers in the B20 structures. These terminations were evident as terraces with distinct levels of corrugation in atomic resolution images, separated by varying fractions of the characteristic B20 quadruple layer (QL) structure 11, 10, 12 . Density functional theory (DFT) of MnSi and AlPd predicted both spare and dense layers as the lowest energy chemical terminations for both orientations of the (111) or (1 ̅ 1 ̅ 1 ̅ ) 10, 13 . Comparison of the experimental data with DFT calculations helped unravel the complex surface structure of MnSi including adatom features 10 .
Here, we report the first STM study of B20-phase FeGe. Epitaxial thin films are grown by molecular beam epitaxy (MBE). We observe four distinct levels of corrugation in atomic resolution images of the FeGe(1 ̅ 1 ̅ 1 ̅ ), which we denote as very high corrugation (vHC), very low corrugation (vLC), high corrugation (HC), and low corrugation (LC). Thorough analysis of the surface structure registry across terrace steps and comparing tunneling spectroscopy with recent theory calculations 14 , we assign the four corrugations vHC, HC, LC, and vLC to the Fe-dense (Fed), Fe-sparse (Fe-S), Ge-d (Ge-d), and Ge-sparse (Ge-s) surfaces, respectively. These represent the four possible chemical terminations within the quadruple layer stacking sequence in FeGe. By resolving the stacking sequence across fractional QL steps and in partially exposed surfaces via Ar+ sputtering, we are able to distinguish between (111) or (1 ̅ 1 ̅ 1 ̅ ) orientations, which is difficult by conventional techniques such as x-ray diffraction since the interatomic spacing of both orientations are equal. This capability is important for SP-STM imaging of skyrmions, as the orientation of the grain determines the chirality of the skyrmion. Additionally, knowledge of the chirality and terminating layer is of importance for the interfacial tuning of B20 superlattices.
II. EXPERIMENTAL
Epitaxial growth of FeGe thin films is achieved using a custom-built MBE system with a base pressure of ~1.0 × 10 −10 Torr. The growth is monitored in real-time with a 10 KeV reflection high energy electron diffraction (RHEED) system from STAIB Instruments, while the fluxes are calibrated using a quartz crystal thickness monitor. The Si(111) substrates are prepared by first precleaning the substrate ultrasonically with acetone, then isopropanol for 5 minutes each. The
Si(111) substrate is subsequently dipped in a buffered HF solution for 2 minutes to chemically remove the oxide layer and H terminate the Si(111) surface. The substrates are immediately transferred into the MBE chamber via a load lock to prevent re-oxidation. The Si(111) substrates are then annealed at 800 °C for 20 minutes until RHEED shows a streaky 7 × 7 reconstruction pattern. The substrate is then cooled to the growth temperature of 300 °C and Fe and Ge are codeposited using thermal effusion cells with fluxes matched 1:1 in order to achieve a stoichiometric film. Films were grown with 20-100 nm thickness; all data reported here were on the 20 nm films, but were consistent across samples. Further details and additional characterizations of the growth are reported elsewhere 9 .
Shortly after growth, the FeGe samples are transferred in-situ into a Ferrovac UHV vacuum suitcase with a base pressure of ~1.0 × 10 −9 Torr and transferred to another lab housing a Createc LT-STM system with its own UHV load lock and analysis chambers. LEED patterns were collected at normal incidence with a 140 eV beam energy to confirm crystallinity of the films.
FeGe samples were directly transferred into the cold STM without any additional surface preparation to minimize contamination and preserve the as-grown film quality. STM measurements were performed at 5K using cut PtIr tips. Tunneling spectroscopy was performed by adding a 20mV modulation voltage to the DC bias. Image processing and analysis is preformed using Gwyddion and WxSM for RHEED, LEED and STM data. Because these regions are imaged simultaneously, these differences cannot be attributed to the tip sharpness; we instead suggest that they represent distinct chemical terminations. Analysis of the step heights between these distinct regions is an initial step toward the chemical assignments.
We note that in general there are topographic and electronic contributions to the apparent height Fe atoms removed from the surface structure to match the STM image. We find excellent registry of both the topmost Fe atoms, as well as the Ge-s subsurface layer.
We find the Fe-s and Ge-s terminations to dominate the surface, suggesting that these have the lowest surface energies under our growth conditions. The lowest surface energy depends on the growth composition (i.e. the flux ratio), where growth under Fe-deficit or Fe-rich conditions can impact the local surface structure. For MnSi the lowest energy structure of the (111) direction depends on the growth stoichiometry where the surface structure transitions from the Si-sparse termination to the Mn-dense termination with decreasing Si-richness 13 . We find Ge-d and Fe-d regions on the edges of incomplete QL terraces, indicating a local deficiency of Fe or Ge respectively in the terrace formation.
Chirality determination via atomic registry across QL and TL steps
An interesting, and important point is that FeGe (111) 7(e) are aligned to the hexagonal structure of the Ge-s lattice and extended onto the Fe-d lattice.
Both lattices align along all three directions and show no apparent shift which is expected from the alignment of the Ge-s to Fe-d layer across a TL step. FIG. 7(g-h) shows an STM image with a TL step down from a Fe-s surface to a Ge-d surface and the accompanying structural model. The registry and lack of apparent shift in the two lattices is in good agreement.
From our observation of partial QL steps and the sputtered surfaces we find we only imagined FeGe(1 ̅ 1 ̅ 1 ̅ ) grains, but our analysis enabled us to definitively determine the chirality which is a key ingredient in the interpretation of spin-polarized STM imaging of skyrmions.
III. CONCLUSIONS
We 
